Chlamydia pneumoniae infects the human respiratory tract, leading to various airway symptoms, especially in immuneincompetent individuals (7, 17) . Respiratory infection with C. pneumoniae is also associated with other health problems, including cardiovascular diseases (2, 3, 14-16, 18, 20) . Like other chlamydial species, C. pneumoniae organisms have adapted an obligate intravacuolar life with a biphasic growth cycle (9, 10, 17) . The ability to replicate inside the cytoplasmic vacuoles of host cells contributes to chlamydial pathogenicity (1, 17) . The vacuole laden with chlamydial organisms is also called an inclusion. Although Chlamydia can accomplish its entire biosynthesis, particle assembly, and differentiation within the inclusion, it must exchange both materials and signals with host cells in order to establish and maintain intravacuolar growth. Chlamydia is not only able to import nutrients and metabolic intermediates from host cells (4, 11, 12, 19, 23) , but also secretes chlamydial factors into host cells (5, 22, 24, 26) . It has been hypothesized that Chlamydia can actively manipulate host signal pathways (6, 8, (22) (23) (24) 25) via its secreted factors. Indeed, a protein encoded by the hypothetical open reading frame (ORF) Cpn1016 in the C. pneumoniae genome (designated chlamydial protease/proteasome-like activity factor in C. pneumoniae [CPAFcp] ) has been shown to degrade host transcription factors required for major histocompatibility complex gene activation (5, 13) . More recently, it was reported that the N terminus, but not the C terminus, of another C. pneumoniae protein (designated Cpn0796n and Cpn0796c, respectively) encoded by the hypothetical ORF Cpn0796 was secreted into the host cell cytosol, although the biological significance of Cpn0796n secretion is still unclear (24) . Since proteins secreted into the host cell cytosol may potentially function as effectors in C. pneumoniae interactions with host cells, searching for C. pneumoniae-secreted proteins has become a hot area under intensive investigation. We recently applied an antifusion protein antibody approach to search for C. pneumoniae proteins that are secreted into the host cell cytosol.
Proteins encoded by hypothetical ORFs from the C. pneumoniae AR39 genome were expressed as fusion proteins with glutathione S-transferase (GST) fused to the N terminus as described previously (21) . Antibodies raised with the chlamydial fusion proteins were used to localize the endogenous proteins in C. pneumoniae-infected cells via an indirect immunofluorescence assay, as described elsewhere (26) . A C. pneumoniae protein encoded by the hypothetical ORF Cpn0797 was detected in the cytoplasm of the C. pneumoniae-infected host cells (Fig. 1) . Both the polyclonal and monoclonal antibodies (MAbs) raised with the GST-Cpn0797 fusion protein detected a dominant cytosolic signal similar to the signals revealed by the anti-CPAFcp and anti-Cpn0796n antibodies, but not the anti-Cpn0796c, anti-IncA (Cpn0186), and anti-MOMP antibodies. Since CPAFcp and Cpn0796n are the only two proteins previously shown to be secreted into the host cell cytosol by C. pneumoniae (5, 24) , while Cpn0796c and MOMP are localized in the inclusion and IncA in the inclusion membrane, the above observations show that Cpn0797 is a new secreted protein. Several approaches were used to verify the antibody-staining specificities. The anti-Cpn0797 antibodies reacted with GST-Cpn0797 but not with the GSTCPAFcp, GST-Cpn0796n, or GST-Cpn0796c fusion protein, although all fusion proteins were loaded in equal amounts and detected by their corresponding homologous antibodies ( Fig.  2A) . The antibodies raised with the chlamydial GST fusion proteins were further reacted with the red fluorescent protein (RFP)-C. pneumoniae fusion proteins expressed in transfected cells (Fig. 2B) . The anti-Cpn0797 antibody detected only RFPCpn0797 (Fig. 2B, a) , but not the RFP-Cpn0796n (Fig. 2B, d ) and RFP-CPAFcp (Fig. 2B, g ) fusion proteins, while the antiCpn0796 and anti-CPAFcp antibodies recognized only their corresponding homologous RFP fusion proteins (e and i) without cross-reacting with the unrelated fusion proteins. The recognition of RFP-Cpn0797 by anti-Cpn0797 was blocked by GST-Cpn0797 (Fig. 2C, b) , but not by the GST-Cpn0796n (Fig. 2C, c) , GSTCpn0796c (Fig. 2C, d ), and GST-CPAFcp (Fig. 2C, e) fusion proteins. Conversely, binding of the anti-Cpn0796n antibody to RFP-Cpn0796n was blocked by GST-Cpn0796n (Fig. 2C, h ), but not by the GST-Cpn0797, GST-Cpn0796c, and GST-CPAFcp fusion proteins. Most importantly, the detection of the endogenous antigens in the C. pneumoniae-infected cells by the antiCpn0797, anti-Cpn0796n, anti-Cpn0796c (Fig. 3A) , and antiCPAFcp (Fig. 3B) antibodies was blocked by the corresponding homologous, but not the heterologous, GST fusion proteins. Together, the above-mentioned experiments demonstrated that the anti-Cpn0797 antibody specifically detected the Cpn0797 antigen in the cytosol of the C. pneumoniae-infected cells. We have also used the Cpn0797-specific antibody to analyze the Cpn0797 protein expression pattern (Fig. 4) . In this experiment, Cpn0797 and the other two secreted proteins, Cpn796n and CPAFcp, were simultaneously monitored during infection. All three proteins were first detected 24 h after infection (Fig. 4c, i, and o) , and secretion of the proteins into the cytosol of the infected host cells became apparent 48 h after infection (Fig. 4d , j, and p). All three secreted proteins remained in the host cell cytosol throughout the rest of the infection cycle. Although CPAFcp is known to have a proteolytic activity that is able to degrade host transcriptional factors required for host defense (5, 26), it is not known what functions the secreted Cpn0797 and Cpn0796 proteins may have. The current study has not only confirmed a previous observation (24) that the Cpn0796 N-terminal fragment is secreted into the host cell cytosol while the C terminus is localized within the C. pneumoniae inclusion (Fig. 1B, b , c, h, and i, and 3A, i to l and m to p), but more importantly, it has identified the hypothetical protein Cpn0797 as a novel secreted protein using both polyclonal antisera and monoclonal antibodies. Although Cpn0797 shares 36% amino acid similarity with Cpn0796n (http://www.stdgen.lanl.gov), the anti-Cpn0797 and anti-Cpn0796n antibodies recognized only the corresponding antigens without cross-reacting with each other's antigens in Western blot ( Fig. 2A) and immunofluorescence ( Fig. 2B and  3A) assays. The anti-Cpn0797 and anti-CPAFcp antibodies also did not cross-react with each other's antigens ( Fig. 2A and MAb NB2 and anti-Cpn0796n antiserum were preabsorbed with the four GST fusion proteins, respectively, followed by immunostaining as described for panel B. The antibody preabsorption/depletion was carried out as previously described (26) . Note that antibody staining was blocked only by preabsorption with the corresponding homologous GST fusion proteins. 3B). Therefore, Cpn0797 represents a third antigen secreted by C. pneumoniae into the host cell cytosol.
FIG. 2. Anti-Cpn0797 antibody detection of C. pneumoniae fusion proteins on nitrocellulose membranes (A) and in transfected cells (B and C). (A) In a Western blot assay, four GST fusion proteins (indicated as antigens
Both the Cpn0797 and Cpn0796 ORFs are in a gene cluster consisting of six hypothetical genes. All six hypothetical proteins share approximately 20 to 40% amino acid sequence homology with each other. The Cpn0796 ORF is the longest, encoding 674 amino acids, while the other five ORFs are about half the size, encoding 365 amino acids (Cpn0797) or less. Cpn0794, -0797, -0798, and -0799 are homologous to the N-terminal region of Cpn0796, while Cpn0795 is homologous to the C-terminal region of Cpn0796 (http://www.stdgen.lanl.gov; 24). The biological significance of this gene organization is not clear. However, it appears that ORFs Cpn0794 and Cpn0795 were derived from a single ORF and that Cpn0797, -0798, and -0799 have lost half of their downstream coding sequences, which is consistent with the concept that the chlamydial genome is evolutionarily shrinking. In general, what is preserved through evolution should serve biological functions. We report here that in addition to the Cpn0796 protein, Cpn0797 is also secreted into the cytosol of the C. pneumoniae-infected host cells, suggesting that these two hypothetical proteins may mediate chlamydial interactions with host cells. Efforts are under way to determine the precise locations of the other proteins encoded by genes in the same cluster.
Another interesting question is how Cpn0797 is secreted. An autotransporter model was proposed for the secretion of Cpn0796n (24) . Cpn0797 also shares 37% amino acid sequence homology with the N terminus of an autotransporter beta-domain protein from Pseudomonas fluorescens Pf-5 (http://www.ncbi.nlm.nih.gov/BLAST/BLAST.cgi). These observations suggest that Cpn0797 may be secreted via a mechanism similar to an autotransporter. However, Cpn0797 is considerably shorter than the typical autotransporters, and a putative gram-negative signal sequence (from residues 1 to 32) has been identified at its N terminus (http://www.stdgen .lanl.gov), suggesting that Cpn0797 may also be secreted via an N-terminal signal sequence-dependent pathway. Coincidentally, the C. pneumoniae-secreted protein CPAFcp also contains a putative N-terminal signal sequence consisting of the first 20 amino acids (http://www.stdgen.lanl.gov/). We can reasonably speculate that the C. pneumoniae organisms   FIG. 3 . Detection of endogenous proteins in C. pneumoniae-infected cells with or without preabsorption of antibodies with GST fusion proteins. (A and B) C. pneumoniae-infected HeLa cells were processed for immunostaining as described in the legend to Fig. 1A , except that the C. pneumoniae protein-specific antibodies listed on the left were subjected to preabsorption with various GST fusion proteins, listed at the top, before the antibodies were applied to immunostaining. The antibody preabsorption/depletion was carried out as previously described (26) . Note that the antibody labeling of endogenous antigens was blocked only by the corresponding homologous GST fusion proteins, but not the heterologous proteins. pAB, polyclonal antibody.
FIG. 4. Monitoring Cpn0797, Cpn0796n
, and CPAFcp protein expression during infection. The C. pneumoniae-infected culture samples obtained as described in the legend to Fig. 1 were processed at various times after infection (as indicated at the top) for immunofluorescence staining with the primary mouse antibodies anti-Cpn0796n (mouse polyclonal antibody), anti-Cpn0797 (mouse polyclonal antibody), and antiCPAFcp (MAb EB3.1), respectively. The mouse antibody stains were visualized with a goat anti-mouse immunoglobulin G (IgG) conjugated with Cy3 (red). The chlamydial organisms were visualized with a C. pneumoniae-specific rabbit antiserum plus a Cy2-conjugated goat anti-mouse IgG (green), while the DNA was stained with Hoechst (blue). Note that all three endogenous antigens became detectable 24 h after infection (c, i, and o) and were obviously secreted into the host cell cytosol 48 h after infection (d, j, and p). This work was supported in part by grants (to G. Zhong) from the U.S. National Institutes of Health.
